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The dynamics of photodissociation of propenal at 193 nm are studied by detecting laser-induced
fluorescence of nascent fragment HCO in its transition B˜ 2A8– X˜ 2A8. Rotational states up to N
530 and K53 of HCO X˜ 2A8 are populated and vibrational states ~000!, ~010!, and ~001! are
detected. The Ka51 doublet states and the two spin states for all vibrational levels detected are
nearly equally populated. Much less rotational excitation is observed than the distributions
calculated on a statistical model—phase space theory. This implies that dissociation occurs from the
triplet channel with a small exit barrier. Small rotational excitation arises from the repulsive part of
the exit barrier and the geometry of the transition state on the triplet surface. Experimental data yield
an energy partitioning with translation, rotation, and vibration of HCO at 3.0, 1.3, and 1.5 kcal/mol,
respectively, in total accounting for 11.5% of available energy. These results indicate that the other
fragment C2H3 has 3.2 kcal/mol of translation and 42.5 kcal/mol of internal energy; hence, most
C2H3 is expected to undergo secondary dissociation to C2H2 and H. Because the appearance of HCO
is faster than that calculated based on the Rice–Ramsperger–Kassel–Marcus theory, other decay
pathways dominate the pathway of the radical channel from the triplet surface. © 2001 American
Institute of Physics. @DOI: 10.1063/1.1357437#I. INTRODUCTION
Propenal ~acrolein, H2CvCH–COH) is observed in the
troposphere and is known to be a lachrymator in smog of Los
Angeles type.1,2 Both theoretical and experimental
groups1–16 have investigated the photochemistry of propenal.
In its electronic spectrum it absorbs weakly in a system start-
ing around 412 nm, followed by another transition near 387
nm; they are assigned to be n→p* transitions.1 In the
near-UV region, Coomber and Pitts4 reported a low yield of
dissociation to CO1C2H4 ~molecular channel! and to
C2H31HCO ~radical channel!; they concluded propenal is
resistant to photodecomposition; for this reason it exists as a
pollutant in the atmosphere in both day and night periods.
Small fluorescence and phosphorescence yields even at low
excitation energy were observed. Becker et al.5 attributed
these small yields to rapid internal conversion to S0 and in-
tersystem crossing to T1 , which lies close to S1 . Measuring
the vibronic spectrum of S1 , Paulisse et al.6 determined a
lower limit for the S1 vibronic origin from linewidth to be
1.8–2.1 ps. Using CASSCF computations at the 6-31G*
level, Reguero et al.7 suggested an efficient intersystem
crossing from S1 to the triplet manifold. At a slightly greater
energy the S1 state proceeds to S0 via a conical intersection
S1 /S0 located approximately 87.9 kcal/mol from the ground
electronic state of propenal.
Propenal exists as a mixture of two isomers, s-cis and
s-trans. The s-trans conformer is more stable by approxi-
mately 2.3 kcal/mol; at 296 K, 96% of a mixture is s-trans.9
a!Author to whom correspondence should be addressed. Electronic mail:
icchen@mx.nthu.edu.tw8960021-9606/2001/114(20)/8964/7/$18.00
Downloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject tBecker et al.5 concluded that cis and trans states arise for
both n – p* and p – p*, but the large potential barrier pre-
cludes photoisomerization before electronic relaxation.
In this laboratory, Jen and Chen10 detected fragment
HCO after photolysis near 300 nm; from the onset of HCO
yield versus excitation energy, they determined the threshold
of formation to be 95.960.6 kcal/mol. They proposed that
the radical products emanated from the triplet surface. With a
relatively low yield of HCO formation and prompt appear-
ance after photolysis at energy in this region, they suggested
that relaxation of the excited state to the ground electronic
surface competes well with dissociation to form radical prod-
ucts.
With excitation at wavelength 193 nm, the electronic
state S2 is accessed; this state has a mixed character
p*(CvC) and p(CvO); hence the C–C bond, originally a
single bond in the ground state, increases its bond order
greater than unity.3,11,12 Direct dissociation from S2 becomes
impossible; predissociation from internal conversion to the
S1 is proposed. Shinohara and Nishi13 investigated the dy-
namics of photofragmentation of propenal in a supersonic
molecular beam; they found only one primary channel
C2H31HCO, with HCO formed in its first electronically ex-
cited state. Lin et al.14,15 used a CO laser to measure distri-
butions of vibrational energy of CO after photodissociation
of propenal and isomer methylketene at 193 nm; they found
highly vibrationally excited CO and similar distributions of
internal states from both molecules, and concluded that pro-
penal isomerizes to methylketene before dissociation.
Lessard and Rosenfeld16 reported the energy distributions of
CO from propenal photolyzed at the same wavelength; they
measured vibrational excitation of the CO fragment with a4 © 2001 American Institute of Physics
o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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tional, and vibrational degrees of freedom can be described
with effective temperatures 1380, 2750, and 2230 K, respec-
tively. CO is considered to form via a two-step mechanism in
which radical HCO is formed with great internal energy be-
fore dissociating to form CO, in contrast to results reported
by Lin et al.
Hass et al.17 used photofragment-translation spectros-
copy to investigate dissociation of propenal photolyzed at
193 nm; they reported three primary channels: hydrogen
cleavage to H1H2CvCHCO, molecular products
C2H41CO, and radical products C2H31HCO. According to
their measured translational energy, most available energy is
channeled into internal degrees of freedom of fragments;
hence photochemical dissociation proceeds not through a
single direct mechanism but initially to a predissociative
state from which dissociation channels become accessible.
Because fragments have much internal energy, CO can be a
secondary product from H2CvCH–CO→H2CvCH1CO,
as indicated from the result that most product H2CvCH–CO
decays almost quantitatively.
The aim of this work is to detect radical fragment HCO
and its energy content from propenal photolyzed at 193 nm.
According to work, in this18,19 and other laboratories20,21 the
populations of rotational states of HCO can be extracted
from the intensity of fluorescence in the transition
B˜ 2A8– X˜ 2A8. Distributions of internal states of fragment
HCO are expected to show the fraction of HCO produced in
stable form, and to elucidate the conflicting interpretations
from previous workers. Because distributions among internal
states reflect the potential energy surface of dissociation,
possibly the interactions among electronic states of unsatur-
ated carbonyl compounds in competing with dissociation
channels can be understood.
II. EXPERIMENTS
Propenal ~Merck 95%! was separated from water and
stabilizer ~hydroquinone! on distillation at 230 °C, then was
kept below 0 °C (vapor pressure’88 torr). Helium as a
buffer gas was bubbled through the sample to attain a total
pressure 1200 torr. This gaseous mixture was then expanded
through a pulsed valve ~General Valve, diameter 0.5 mm! to
form a molecular jet.
An ArF excimer laser ~Lambda Physik, COMPex 100!
served to excite propenal to the S2 state. This photolytic
beam intersected the molecular jet 1.2–1.5 cm from the
nozzle. A second dye laser ~Continuum Nd60, dual gratings,
Coumarin dyes 503 and 540! pumped with an Nd:YAG laser
~Continuum NY-81C! generated pulses with energy 10–15
mJ for wavelength range 515–546 nm. The frequency was
doubled in a BBO crystal to yield the UV beam with energy
0.5–1.0 mJ/pulse. The dye solution was diluted to produce
optimal resolution for the output of the dye laser. The reso-
lution for the probe beam at the fundamental frequency was
evaluated from the bandwidth of the fluorescence spectrum
of I2 to be 0.075 cm21. This laser beam served to excite
HCO to state B˜ 2A8. Because of the large absorption coeffi-
cient of propenal at 193 nm, the power of the photolysis laserDownloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject twas attenuated to 1.4–1.6 mJ/pulse ~beam diameter 3 mm!;
this energy was verified to be within the linear region for
production of HCO. Fragment HCO appeared promptly
within the 193 nm pulses. Both laser pulses overlapped spa-
tially in the interaction region and were delayed 500 ns dur-
ing recording of fluorescence spectra of HCO to avoid scat-
tered light and electronic interference from the photolysis
laser.
The total emission of HCO was detected with a photo-
multiplier ~EMI 9658R!; a signal then was amplified ap-
proximately 30 times with a rapid-response preamplifier.
Bandpass filters ~UG11, 3 mm and WG-355, 3 mm! were
used to eliminate scattered light from laser pulses. For each
vibrational level of HCO, at least five scans of entire spectra
were recorded on separate days; each data point was aver-
aged over 40 laser shots. All signal intensity was normalized
over the laser power of the probe beam. The bandwidth of
fluorescence spectra of HCO is ;0.20 cm21 according to the
combined width of the probe laser and the Doppler spread;
this width implies a small translational energy released from
dissociation.
III. RESULTS
Detailed analysis of spectra for the transition
B˜ 2A8– X˜ 2A8 of HCO was reported previously.22–25 Spectra
from vibrational levels (v1 ,v2 ,v3)5(000), ~010!, and ~001!
of X˜ 2A8 to a common upper state (000) B˜ 2A8 were re-
corded to obtain the rovibrational populations for
HCO X˜ 2A8. Spectra of band 11
0 were not observed because
of nearly zero Franck–Condon factor.26 Line positions of
B˜ 2A8– X˜ 2A8 21
0 and 31
0 were calculated using the program
ASYTOP27,28 with parameters from Brown et al.29,30 and
Johns et al.;31 assignments were made accordingly. Figure 1
shows a spectrum of the transition B˜ 2A8– X˜ 2A8 31
0 for na-
scent HCO from propenal on photolysis at 193 nm near the
bandhead and in the region of low frequencies; in this region
FIG. 1. Portions of spectrum and assignments for transition B˜ 2A8– X˜ 2A8
310 and 110201 of nascent HCO from propenal dissociated at photolysis wave-
length 193 nm, showing the region near bandhead and transitions to rota-
tional states with large N for band 310.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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spectra show that spin states F1 and F2 and K doublets from
asymmetry splitting are nearly equally populated. The band-
width slightly greater than that obtained for I2 transitions
indicates that Doppler broadening resulting from dissociation
of propenal at 193 nm is smaller than that of HCO from
acetaldehyde photolyzed at near 300 nm.19 Partially over-
lapped lines were deconvoluted to yield the intensities of
individual transitions.
We calculated the relative populations of rotational
states of HCO from fluorescence intensity after correction for
fluorescence quantum yields and oscillator strengths for vari-
ous rotational states of B˜ 2A8.18 The effect of axis switching
from the vibrational levels ~010! and ~001! is assumed to be
similar to that from the ground vibrational state ~000!. The
population of rotational states of nascent HCO was calcu-
lated from spectral intensities of various branches. Figure 2
displays the distributions of rotational population of HCO for
vibrational levels ~000!, ~001!, and ~010! and the best curves
fitted to Gaussian functions. The experimental distribution
has a maximum near N58 – 10 and extends to N524– 32.
For level ~000! the populations for K50, 1, 2, and 3 are
0.39, 0.28, 0.21, and 0.12, respectively; the other two vibra-
tional levels show a similar distribution for the K states. Fig-
ure 3 shows Boltzmann plots of rotational populations of
HCO for the three vibrational levels; plots for the lower two
vibrational states are clearly non-Boltzmann. In order to as-
sess the distributions, we fitted the populations for states
with N>5 to Boltzmann temperatures 575636 K, 352
619 K, and 307612 K for levels ~000!, ~001!, and ~010!,
respectively.
Hass et al.17 observed that dissociation for radical prod-
ucts is isotropically distributed. On this basis we estimate an
upper bound for the translational energy from the spectral
width of the measured data; the translational temperature is
estimated to be Ttrans51010 K for HCO. From conservation
of momentum, the translational energy of fragments is cal-
culated to be 6.2 kcal/mol. For both products the transla-
tional energy accounts for 12.1% of available energy in
agreement with a result 12.8% from experiments on molecu-
lar beams.17
Because only the lowest three vibrational levels were
measured, we calculated the relative populations of those
vibrational states after correction for the Franck–Condon
factors.26 The measured values for HCO vibrations are plot-
ted in Fig. 4 and fitted with a Boltzmann temperature 1142
6150 K. This distribution seems to display no specificity of
vibrational mode. Because the measured vibrational distribu-
tion seems not to deviate significantly from a Boltzmann
distribution, we used this fitted temperature to estimate the
average vibrational energy of fragment HCO that is 1.5 kcal/
mol, 3.0% of available energy. With this obtained vibrational
population, we calculated an average rotational energy of
HCO to be ^E rot&51.3 kcal/mol ~465 cm21, 2.6% of avail-
able energy!. In general, the energy content of HCO is low
for so much available energy, 51.5 kcal/mol. Hence signifi-
cant energy, 42.5 kcal/mol ~82.5% of available energy!, is
left for the other fragment C2H3. The measured energy par-
titioning in fragments is listed in Tables I and II.Downloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject tIt requires 15.9–16.5 kcal/mole for HCO to undergo sec-
ondary dissociation.26,32,33 From the vibrational distribution,
we estimated that less than 2.5% of HCO underwent second-
ary dissociation to H1CO. The experimental data imply a
significant proportion of C2H3 with energy greater than its
dissociation threshold 33 kcal/mol34 to form C2H21H. With
this energy some acetylene is predicted to be produced in
vibrationally excited states. The energy of secondary prod-
ucts relative to HCO and C2H3 is shown in Fig. 5.
FIG. 2. Measured distribution of rotational state K50 ~h!, 1 ~s!, 2 l ~n!,
2u ~v!, and 3 ~,! of nascent HCO for vibrational level ~a! ~000!, ~b! ~001!,
and ~c! ~010! from propenal photolyzed at 193 nm. The line represents the
best-fit Gaussian curve to states with K50 and 1.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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A. Dynamic model
We use a statistical model, phase space theory35–38
~PST!, to analyze the experimental data. According to this
model one assumes that total energy and angular momentum
are conserved during dissociation. Access to each product
state is equally probable. Maximum orbital angular momen-
FIG. 3. Boltzmann plot for rotational population of HCO for vibrational
level ~a! ~000!, ~b! ~001!, and ~c! ~010!, produced from propenal after pho-
tolysis at 193 nm. Symbols are the same as those defined in Fig. 2. The
straight line denotes a Boltzmann distribution at a temperature given in each
plot.Downloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject ttum between fragments is constrained, resulting from the
centrifugal barrier and conservation of total angular momen-
tum, whichever is smaller. Here a value C655
3105 cm21 Å6 in the attractive part of the Lennard-Jones
potential function is assumed. As for ketene,39 the calculated
distributions seem unaffected by the value of C6 varied
within an order of magnitude. In this calculation we took the
vibrational frequencies of vinyl radical from results by Le-
tendre et al.40 Because C2H3 has nine vibrational modes, to
decrease the computing time and to make the computation
feasible, we combined the greatest three vibrational frequen-
cies to be triply degenerate. In addition, the thermal energy
of the parent molecule was assumed to be the most probable
energy at temperature 10 K and with a total angular momen-
tum quantum number J54.
We performed calculations on all three vibrational levels
of HCO. Figure 6 shows a distribution calculated for level
~010!. All calculated distributions show a most probable
population at N’30, extending to N’80 for K50 – 3. The
thermal energy and initial angular momentum of parent mol-
ecule are negligible compared with the available energy and
with the rotation of fragment calculated, and are expected
not to affect the results of calculation. With such a large
available energy we expect a statistical model to yield large
populations for states with large J. The experimental data
clearly show too little rotational excitation. For vibration the
calculated population shown in Fig. 4 has a Boltzmann tem-
perature 12456610 K, which agrees with the observed
value.
FIG. 4. Boltzmann plot of relative vibrational population measured for three
levels of HCO produced from propenal after photolysis at 193 nm ~d! and
values calculated according to phase space theory ~s!. The straight line is a
Boltzmann distribution fitted to experimental data.
TABLE I. Rotational energy and vibrational population of fragment HCO
Xˆ 2A8 from propenal after photolysis at 193 nm.a
Vib. level n/cm21 ^E rot&/cm21 Population
~000! 0 620~2109! 0.514~0.643!
~010! 1868.17 307~1946! 0.056~0.074!
~001! 1080.76 358~2025! 0.094~0.185!
^E rot&5465(2062)
aCalculated value with phase space theory in parentheses.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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functional theory
Because propenal is the simplest unsaturated aldehyde, it
has been the subject of many theoretical studies for some
decades.7,8,12 Reguero et al.7 performed an extensive
CASSCF study of photoisomerization, the crossing points on
the ground electronic state and three low-lying singlet/triplet
states; the structures at these points were determined. For a
dissociative pathway related to these electronic surfaces,
Fang12 performed extensive ab initio calculations with a
large basis set to yield profiles of the energy surface for
formation of products from molecular, radical, and hydrogen
channels. Fang suggested that radical products are from the
triplet surface although they also correlate to the ground
electronic surface. According to those calculations, the triplet
surface has a reverse dissociation barrier about 13 kcal/mol.
Energetically, radical products C2H31HCO form 96.4
63 kcal/mol above the zero point of propenal.17 We previ-
ously determined the position at the top of the dissociation
threshold to be 29862 nm ~95.960.6 kcal/mol, 33 560
cm21).10 In view of a deviation 12 kcal/mol in the calculated
enthalpy for C2H31HCO, the product side needs to be
moved up, and the reverse barrier is expected to be smaller
than the calculated and near the experimental value. A sche-
matic diagram for the potential energy surfaces correlated to
radical products appears in Fig. 7.
We carried out quantum-chemical calculations with den-
sity functionals,41,42 B3LYP/aug-cc-pVTZ, on the lowest
triplet states ~s-cis and s-trans, n – p*, p – p*), the ground
electronic state, and their correlations with products. We cal-
culated vibrational frequencies for the transition state to es-
FIG. 5. Relative energy ~kcal/mol! of secondary products to HCO1C2H3.
TABLE II. Energy partitioning in fragments from propenal after photolysis
at 193 nm.a
E trans /kcal/mol Evib /kcal/mol E rot /kcal/mol
HCO <3.0 ~5.9%! 1.5 ~3.0%! 1.3 ~2.6%!
C2H3 <3.2 ~6.2%! 42.5 ~82.5%!
aFraction of available energy listed in parentheses.Downloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject ttimate the dissociation rate for all possible channels. The
geometries of 3np* and 3pp* shown in Fig. 8 are similar to
those of Fang;12 state 3np* is planar, and state 3pp* has the
CH2 moiety rotating about 90° from the molecular plane.
According to results of calculation the radical products dis-
sociate from the parent molecule with the moiety CH2 re-
maining in plane. Hence the triplet surface correlating to
radical products is 3np*. The geometry of a transition state
for state 3np* was calculated and is shown in Fig. 9.
With B3LYP/aug-cc-pVTZ, we found an H-cleavage
channel with barriers at 31 300 and 31 057 cm21 from the
zero point of the ground electronic state of propenal for s-cis
and s-trans isomers, respectively. These values are slightly
greater than those calculated by Fang.12 On the ground elec-
tronic surface the position of the transition state correlating
with molecular channel C2H41CO lies at 84.7 kcal/mol
above the origin of S0 , similar to that of Fang. Isomerization
to methylketene (CH3C~H!vCvO) was calculated and
found to lie at 550 cm21 below the zero point of the ground
electronic state of propenal with a barrier 24 350 cm21. For
electronic excited states S1(1np*) and T1(3pp*), Fang in-
vestigated the methylketene–propenal isomerization and
found that to lie at 35.6 and 37.4 kcal/mol from the origin of
S1 and T1 , respectively.
FIG. 6. Calculated rotational distributions of HCO from propenal according
to phase space theory. The rotational distributions are shown for K50
~–h–!, 1 ~–s–!, 2 ~–n–!, and 3 ~–,–!, respectively.
FIG. 7. Schematic diagram of potential energy surfaces of propenal disso-
ciating to CH2CH1HCO; relative energy is given in kcal/mol.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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of excited propenal
Disagreement between measured and calculated rota-
tional distributions for HCO based on the phase space theory
indicates that dissociation follows a pathway with an exit
barrier. The rotation of fragment HCO is controlled by the
repulsive part on the exit side of the surface. Given the cal-
culated potential surfaces, these results imply that fragment
HCO is from the triplet channel. The reverse barrier is small
on the triplet surface; hence the translational energy in frag-
ments is expected to be low, consistent with experimental
data. If one assumes rotation on HCO from the torque to be
given by the repulsive force between two fragments without
randomizing among other degrees of freedom beyond the
saddle point for dissociation, from displacement vectors of
the transition state on surface 3np shown in Fig. 9 the torque
exerted from the repulsive force on the C and O atoms of
HCO may cancel each other and produce little rotational ex-
citation.
Because the location of the transition state on the triplet
channel is close to the exit channel, energy can be distributed
statistically among vibrational degrees of freedom before the
saddle point, but rotation is more sensitive to the shape of the
exit barrier. Vinyl radical has vibrational degrees of freedom
many more than those of HCO, and some modes have low
frequencies. The vinyl radical can thus retain much more
energy than HCO. For this reason C2H3 acquires most of the
available energy.
FIG. 8. Structures of s-trans and s-cis 3pp and 3np states.
FIG. 9. Optimized geometry and displacement vector for the mode with
imaginary vibrational frequency in transition state of s-trans 3np* state
calculated with method B3LYP/aug-cc-pVTZ. Bond distance is in Å.Downloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject tWith the calculated vibrational frequencies we estimated
the dissociation rate of triplet propenal to be 1.63105 s21
based on the Rice–Ramsperger–Kassel–Marcus ~RRKM!
theory.43 However, from the prompt appearance of fragment
HCO indicates a decay rate of excited triplet propenal to be
>23108 s21 which is much greater than the estimated dis-
sociation rate. Upon excitation the S2 state is accessed, pro-
penal promptly internally converted to S1 then underwent
rapid intersystem crossing to state 3pp . Possibly, excited
molecules converted, via the crossing point 3pp/3np , to
state 3np then a small proportion dissociated but most mol-
ecules underwent intersystem crossing to the ground elec-
tronic surface at a rate greater than 23108 s21. Less rota-
tional excitation of HCO indicates the dissociation channel is
the triplet surface but the appearance rate shows that other
decay pathways dominate. The proposed relaxation and dis-
sociation pathways of S2 are summarized in Fig. 10.
Given the vibrational distributions obtained from the
present work, population decreases rapidly with increased
vibrational energy; small amount of available energy distrib-
uted to fragment HCO. Hence secondary dissociation from
HCO is expected to provide little CO. Isomerization to me-
thylketene is possible either on the 3pp surface as suggested
by Fang12 or on the ground electronic surface as calculated
with density functional theory. Based on comparison of the
number of transition states on both channels, the rate of
isomerization is slower than that for formation of molecular
products. According to experiments on molecular beams,17
most product CH2CHCO from the H-cleavage channel dis-
sociated before reaching the detector; this route provides an-
other source of products CO and C2H3. Future work on de-
tecting CO will elucidate this issue and provide additional
evidence on the dissociation mechanism.
V. SUMMARY
We measured the energy content of HCO after photoly-
sis of propenal at 193 nm. The nascent HCO was formed
energetically cold, indicating that most energy distributed
into the other fragment C2H3, mainly in its internal degrees
of freedom. The reason is that C2H3 has many vibrational
modes that tend to retain much energy. HCO was found to be
less rotationally excited than results calculated on a statisti-
cal model—phase space theory. Dissociation to form frag-
FIG. 10. Electronic relaxation and pathway of dissociation of propenal after
photolysis at 193 nm.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
8970 J. Chem. Phys., Vol. 114, No. 20, 22 May 2001 Kao et al.ment HCO occurring on the triplet surface with a small exit
barrier is proposed according to the results from this and
other theoretical work. Overall in the near UV region, disso-
ciation is slower than relaxation among electronic states. Af-
ter photoexcitation near 300 nm or 193 nm, propenal ac-
cesses state S1 directly, and then proceeds efficient
intersystem crossing to the triplet manifold. It is observed
that excited molecules rapidly relax to the ground electronic
surface, hence prompt appearance of fragment HCO indi-
cates fast disappearance of the excited state.
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